Forest, agricultural, rangeland, wetland, and urban landscapes have different rates of carbon sequestration and total carbon sequestration potential under alternative management options. Changes in the proportion and spatial distribution of land use could enhance or degrade that area's ability to sequester carbon in terrestrial ecosystems. As the ecosystems within a landscape change due to natural or anthropogenic processes, they may go from being a carbon sink to a carbon source or vice versa.
INTRODUCTION
If the United States is to meet the challenge of future CO 2 emission and sequestration goals, the southern United States will play a critical role in increasing carbon sequestration potential through conversion of non-forestland to forestland and through the management of forestlands. Quantifying terrestrial carbon fluxes due to land use and land cover change is essential in identifying carbon sources and sinks in the terrestrial biosphere of the United States. Within the context of international treaties on greenhouse gas reduction, data on current carbon emissions and the sequestration potential of forestlands will be needed to establish a baseline of current carbon stocks and to estimate future forest carbon stocks. Changes due to afforestation (establishment of forest on land that is not now in forest use), deforestation (conversion of forest land to nonforest use), and reforestation (regeneration of forest after clearcut or significant partial cut harvesting) are the three forestrelated land-use activities being used to derive estimates of forest carbon stocks for a historical baseline and future projections. Additional gains in carbon sequestration may be realized by increasing photosynthetic carbon fixation by plants, reducing decomposition of soil organic matter, reversing land-use changes that contribute to global emissions, and creating energy offsets through the use of trees for fuels and the direct reduction in cooling energy use of buildings in urban environments.
The southern United States has an important role in meeting net reductions in greenhouse gas emissions for the nation. The conversion of non-forestland to forestland results in an increase in above-and below-ground sequestered carbon. Before European settlement, the southern U.S. landscape was primarily forests, grasslands, and wetlands. Most of the native forests were harvested and converted to agricultural lands and managed forests by 1920. The present-day conversion of abandoned farmlands to naturally regenerated forests and commercial forest plantations contributes to the increase in the region's terrestrial carbon sink. Southern forest ecosystems currently store 12,630 million tons of carbon sink. 1 Carbon sequestered in southeastern forests is a source of fuel for prescribed and wildland forest fires. Fire is one of the dominant disturbances in U.S. forests and is a primary process that influences the vegetation composition and structure of any given location and helps shape the landscape mosaic. Forest structure and composition are influenced by fire regime. Areas burned by prescribed and wildland forest fires in North America can exceed 74 million acres per year. Fuel loads tend to vary between 3 and 500 tons per acre, with fuel consumption efficiency varying from 20 to 80%. If the projected changes in climate are realized during this century, an altered fire regime could have the most immediate and significant impact on forest ecosystems. Recent studies on the interaction of climate change and forest fires suggest that projected increases in atmospheric CO 2 , air temperature, and variability in precipitation will increase seasonal fire severity ratings by 10-50% over most of North America. The area burned in the United States from wildland fire is projected to increase by 25-50% by the middle of the 21st century, with most of the increases occurring in Alaska and the southeastern United States.
2 Any attempt to measure and project forest carbon sequestration in the terrestrial biosphere of the United States must consider the increased risk of wildland fire from increased forest carbon sequestration and the role of forest fire as a source of carbon emissions.
Accurate information on land cover types, spatial distribution, rates of change of forest characteristics, and forest inventory is required to estimate the carbon emission and sequestration potential of forestry-related land use activities and to assess the contribution of fuel wood to wildland fire risks. Remote sensing data, field plotbased forest inventory data, and forest modeling results and outputs provide an opportunity to optimize the connection between remotely sensed data and key forest growth and physiological parameters, soils, and climate in modeling spatiotemporal estimates of net primary production (NPP) across the region. The purpose of this paper is to introduce methodologies for linking remotely sensed Landsat Thematic Mapper (TM)-derived land cover, Forest Inventory and Analysis (FIA) data, and a forest ecosystem model (PnET-II) to estimate and spatially display forest productivity with Anderson Level II precision 3 for the southeastern United States.
EXPERIMENTAL METHODS Study Region
The study region encompasses 534,523,000 acres in 13 states from the Atlantic coast west to Texas and Oklahoma. The region represents ~24% of the U.S. land area, 29% of the forestland, and 25% of the agricultural land. In 1992, forestland (land at least 10% stocked by forest trees of any size) covered 211,838,000 acres, or ~40% of the total land area in the region. 4 Southern forests remain a vital resource for the region and the nation, encompassing 41% of the timberland (forestland producing or capable of producing crops of industrial wood and not withdrawn from production) of the entire United States ( Table 1) .
The southern United States is divided into 10 geomorphic regions encompassing a diversity of climates, soil characteristics, and topography. 5 This diversity results in a corresponding diversity of tree species and forest types, including southern yellow pines, mixed pine-hardwoods, upland and bottomland hardwoods, and tropical hardwoods in Florida. Across much of the region, pine stands represent a transitional stage in natural succession to hardwood forest types. Mixed pine-hardwood stands are typically composed of 50% or more oak and other hardwoods and 25-50% pine.
Most of the timberland in the South is in nonindustrial private and forestry industry ownership. In 1992, private citizens, farmers, and the forest industry owned 90% of southern timberland. Nonindustrial private ownership includes large numbers of small parcels and a smaller number of large tracts. This ownership class is found most often near urbanizing areas, dispersed among cultivated lands, and in remote areas. Changing ownership and differing management objectives affect land cover and land use within the region.
Forest Inventory Data
The primary sources of estimates of forestland area, growth, and harvest are remote sensing and ground plot inventory data reported by the FIA program of the U.S. Department of Agriculture (USDA) Forest Service Southern Research Station. 4 Beginning in 1933, forested plots have been revisited during a 5-to 10-year state survey cycle. Before 1997, two states were inventoried concurrently and required two years each to complete the field surveys. During each inventory, FIA collects and then reports the status and trends in forest area and location; in the species, size, and health of trees; in total tree growth, mortality, and removals by harvest; in wood production and utilization rates by various products; and in forestland ownership. Recent enhancements to the FIA program include an annual partial sampling of field plots and additional information relating to tree crown condition, soils, complete vegetative diversity, and coarse woody debris.
The FIA program consists of a national core program that can be enhanced at the regional, state, or local level to address special interests. The national core consists of three phases. Phase 1 is a remote-sensing phase aimed at stratifying the land as forest or non-forest. This phase has historically been conducted using aerial photography but is now changing to a system based on satellite imagery. Phase 2 consists of a set of field sample locations composed of four subplots, each 1/24th of an acre and distributed across an area of one acre. FIA field locations are distributed across the landscape with approximately one sample location every 5935 acres. During this phase, field crews visit forested plots to confirm Phase 1 classification and estimate tree-and stand-level attributes.
FIA estimates county-level forest area based on a double sampling estimate that uses either photo points or classified pixels and ground plots. 6 Phase 3 consists of a subset of the Phase 2 plots that are visited during the growing season to collect an extended suite of ecological data including full vegetation inventory, tree and crown condition, soil data, and coarse woody debris.
FIA data for the most recent field surveys (spanning 1988-1995) for the 13 southeastern states were obtained from the Forest Service FIA Eastwide Data Base (http:// srsfia.usfs.msstate.edu/scripts/ew.htm). This database was developed to provide users with FIA field plot data in a manner consistent among states. Forest type groups and forest type names are grouped into three forest classes (evergreen, mixed, and deciduous) that correspond to Anderson Level II forest classes for each state ( Table 2 ). The areas for each forest class are summarized and totaled for each state (Table 3) .
Remotely Sensed Forest Classification
Forest-cover mapping using spaceborne sensors has been a goal of forest managers since the launch of Landsat-1 in . One of the projects sponsored by the Multiresolution Land Characteristics (MRLC) Consortium is the production of land-cover data for the conterminous United States. 7 Land cover is mapped using general landcover classes. For example, forest is classified as deciduous, evergreen, or mixed. Land-cover classification is based on MRLC's Landsat 5 TM satellite data archive and a host of ancillary sources.
The Landsat TM data used for this project were preprocessed following the procedures described by MRLC (http://edc.usgs.gov/glis/hyper/guide/mrlc#mrlc4) for the National Land Cover Data set (NLCD). The NLCD-selected TM scenes consist of data acquired between 1990 and 1994. Image processing for the NLCD set has been described by Vogelmann et al. 7 Spectral information from leaf-on and leafoff data sets was used to derive the land-cover classification products. First-order classification products were developed mainly using the leaf-off mosaics as a baseline and refined with the spectral data from the other season and ancillary spatial information. Further refinements in the classification were conducted using decision trees and visual inspection.
Landsat TM and ancillary data in the NLCD set were acquired for the 13 southeastern U.S. states from MRLC (http://www.epa.gov/mrlc/nlcd.html). Individual state flat land-cover files were imported into ERDAS IMAGINE. Image data were projected to Albers projection, NAD83 datum, GRS1980 spheroid, and units of meters. Individual state images were used to produce one regional mosaic image. Forest area was displayed and summarized for NLCD land-cover classes as follows: deciduous forest (class 41), evergreen forest (class 42), and mixed forest (class 43) (Figure 1 , Table 1 ). The deciduous forest class was supplemented with the woody wetland class (class 91) for a reclassified deciduous forest class.
Forest Productivity Modeling
This study used the physiologically based, monthly timestep process model PnET-II to predict forest productivity and hydrology across a range of climates and site conditions. [8] [9] [10] PnET-II predictions of forest productivity have been well correlated with average annual site basal area growth measured across the eastern United States. 11 Input data required by PnET-II include monthly climate parameters, soil water holding capacity (WHC), and species-or forest-type specific vegetation parameters. PnET-II output is dependent on the spatial resolution of input data and includes forest growth, evapotranspiration (ET), drainage, and soil water stress over time. Monthly climate variables required by PnET-II include minimum and maximum air temperature, total precipitation, and solar radiation. The Vegetation/Ecosystem Modeling and Analysis Project (VEMAP) provides these variables for the historic period 1895-1993 across the continental United States at a 0.5º × 0.5º resolution. 12 VEMAP also provides transient climate scenarios that include the same monthly climate variables for 1994-2100, based on general circulation models developed at the Hadley Centre and the Canadian Climate Centre. 13 These climate scenarios, Had2CMSul and CGC1, respectively, include temperature and precipitation effects related to increasing atmospheric CO 2 and SO 4 2-aerosols. These data sets have been used to compare time-dependent ecological responses of biogeochemical and coupled biogeochemical-biogeographical models to historical time series and projected scenarios of climate, atmospheric CO 2 , and nitrogen deposition.
14 This is the finest spatial resolution data set available with such temporal and spatial consistency, so other input data are modified to match the 0.5º × 0.5º resolution for the model.
Soil WHC is derived from the CONUS-Soil data set developed by the Pennsylvania State University Earth System Science Center. 15 PnET-II vegetation variables include foliar nitrogen concentration, light extinction coefficient, and other physiological coefficients or constants derived from field measurements and published literature. 11, 14 Based on the climate, soil, and vegetation input data, PnET-II calculates the maximum amount of foliage or leaf area that can be supported. 16 NPP equals total gross photosynthesis minus growth and maintenance respiration for leaf, wood, and root compartments. Respiration is calculated as a function of the current and previous months' minimum and maximum air temperature. Changes in water availability and plant water demand place limitations on leaf area produced; as vapor pressure deficit and air temperature increase above optimal photosynthetic levels, total leaf area decreases. Reduced leaf area decreases total carbon fixation and alters ecosystem hydrology. Transpiration is calculated from a maximum potential transpiration modified by plant water demand that is a function of gross photosynthesis and water use efficiency. Interception loss is a function of total leaf area and total precipitation. ET is equal to transpiration and interception loss. Drainage is calculated as precipitation in excess of ET and WHC. Maximum water storage capacity is determined by WHC to a depth of 100 cm. Monthly ET is a function of leaf area, plant water demand, and climate (i.e., air temperature and vapor pressure deficit). This study reports PnET-II predictions of NPP for evergreen, deciduous, and mixed natural evergreen/deciduous forests. The PnET-II model runs were performed for evergreen and deciduous forest types. NPP for mixed forest types was assumed to be a 50:50 mix of deciduous and evergreen NPP. Estimates of NPP were output at the 0.5º × 0.5º resolution, and then Anderson Level II 0.5º × 0.5º forest cover type pixels were assigned NPP values within each 0.5º × 0.5º cell. The resulting estimates of forest productivity across the southeastern United States are stored at a 98.4-ft spatial resolution and include specific forest type attribute information. The NLCD set required cloud-free Landsat TM scenes for two time periods (leaf-on and leaf-off) for the continental United States. Landsat TM data were acquired from 1990 to 1994 to meet the spectral information and geographic coverage goal of the MRLC. The field plot-based FIA data and the remotely sensed NLCD set represent the best available regional-scale forestland cover data sets available for comparison for this time period.
At the regional scale, there was close agreement in evergreen, deciduous, mixed, and total forestland cover area. The differences between the two data sets, using the TM data as the standard, were -5.64% for total forestland, +0.51% for evergreen forests, -4.70% for deciduous forests, and -19.11% for mixed forests (see Table 3 ). At the state level, agreement on forestland area ranged from +1.51% for Louisiana to -28.05% for Oklahoma (because of the previously discussed partial FIA sampling for Oklahoma). The sampling error for FIA estimates of timberland ranged from 0.2 to 0.6% at the state level (http://srsfia.usfs.msstate.edu). User accuracy (percentage of time land cover category is correctly identified) for the southeast NLCD set (Region 4) was 56, 64, and 85% for evergreen, deciduous, and mixed forestland cover, respectively (http://edcwww.cr.usgs.gov/programs/lccp/ accuracy/appendix.html).
Annual NPP
The pattern of annual NPP for forestlands in the southeastern United States is shown in Figure 2 . The spatial patterns of forest production show that the highest NPP in the region for evergreen, deciduous, and mixed-forest types is along the coastal plain of Louisiana. Annual maximum NPP ranged from 2067 g/m 2 /year for evergreen forests to 2634 g/m 2 /year for deciduous forests ( Table 4 ). The lowest values of annual NPP for all forest types were found at the forest and rangeland ecosystems interface in western Texas and Oklahoma. Minimum annual NPP values in the region ranged from 163 g/m 2 /year for deciduous forests to 477 g/m 2 /year for mixed forests in Texas. At the regional scale, mean annual NPP ranged from 1289 g/m 2 /year for evergreen forests to 1425 g/m 2 /year for deciduous forests, with a regional mean for all forestland of 1361 g/m 2 /year. The results show that highest productivity of evergreen, mixed, and deciduous forests occurs along the coastal plain, piedmont, and mountain ecoregions, respectively, for the southeastern states.
CONCLUSIONS
We can only hypothesize about the future composition of forest ecosystems because of the effects of global climate change and the socioeconomic responses to that change. The use of field plot-based inventories and remotely sensed data to monitor changes in forest area, composition, and productivity will provide the ability to assess forest contributions to the U.S. carbon cycle from a measurement baseline and then assess changes from that baseline. Historically, the USDA Forest Service FIA has produced area estimates from double sampling techniques. The forestland estimate is then post-stratified into forest types by using the proportion of field plots in each of the forest type strata. Remotely sensed data and image processing techniques provide the ability to assess changes in forest area and composition across spatial and temporal scales for use by local, state, and regional land managers. The incorporation of techniques and methods from traditional forest inventory with satellite imagery is providing unique solutions to the challenge of resource allocation for a periodic forest inventory at the county and regional scales. The relationships established between image spectral responses and field plot-based forest inventories would enable the merging of forest growth and inventory parameters with detailed spatial information. Linking this information with forest growth simulation models could provide estimates of future forest productivity at large spatial scales under predicted climate and forest management activities. The growing interest in the role of forests in the global carbon cycle and as a relatively cheap management option for sequestering U.S. carbon emissions demonstrates the need for reliable estimates of forest biomass and annual production at the regional and national scales.
